Photodynamic therapy consists of the uptake of a photosensitizing dye, often a porphyrin, by tumor tissue and subsequent irradiation of the tumor with visible light of an appropriate wavelength matched to the absorption spectrum of the photosensitizing dye. This class of molecules produces reactive oxygen species when activated by light, resulting in a direct or indirect cytotoxic effect on the target cells. Photodynamic therapy has been used in the treatment of cancer but the technology has a potential for the treatment of several disease conditions mainly because of its selectivity. However, it is not clear why the porphyrins are retained preferentially by abnormal tissue. This paper describes a study of the effect of the association of porphyrin and visible light on two mouse fibroblast cell lines: A31, normal cells and B61, an EJ-ras transformed variant of A31. Two water-soluble porphyrins were used, a positively charged one, tetra(N-methyl-4-pyridyl)porphyrin chloride, and a negatively charged one, tetra(4-sulfonatophenyl)porphyrin-Na salt (TPPS 4 ) in order to assess the effect on cell survival. The results suggest that the B61 cell line is more sensitive to incubation with the anionic porphyrin (TPPS 4 ) followed by light irradiation and that the anionic porphyrin is more efficient in killing the cells than the cationic porphyrin.
Introduction
Photodynamic therapy (PDT) is a relatively new modality used for cancer treatment, consisting of the combined use of systemically administered photosensitizing porphyrins and local applications of light emitted by lamps or lasers in the presence of oxygen. The technique is based on the preferential accumulation of porphyrin in tumor tissue with subsequent cytotoxicity mediated by singlet oxygen production (1) . Its therapeutic usefulness is due to selective and rapid tumor necrosis after illumination of the porphyrin-containing tumor with visible light (2) . Tumor necrosis seems to be preceded by significant alterations in the vascular system of the tumor (1, 2) . Hematoporphyrin derivative (HpD), first developed by Lipson in 1960, and a purified fraction, dihematoporphyrin ether, known as Photofrin II ® , are complex mixtures used for tumor localization and treatment (3) . Since then, HpD has been applied to endoscopic detection and PDT of various malignant neoplasms including superficial bladder cancer, lung cancer, and cancer of the skin and upper aerodigestive tract (4) . HpD has low toxicity and can be administered at high doses, having no therapeutic value by itself for treating cancer. However, this dye has photodynamic properties, i.e., in the presence of oxygen and visible light it becomes highly destructive to its immediate environment (5) . Porphyrin has been the preferred drug used as a photosensitizing substance due to its high affinity for the tumor cell and its strong effect under irradiation with light (6). Different photosensitizers have been tested for localization in human tumor tissues, including fluorescein, cyanine dyes, porphyrin compounds, eosin, tetracycline, acridine orange and Rhodamine-123 (7) . In vivo, the photosensitizer mainly accumulates in organs of the reticuloendothelial system (liver, spleen, kidney, and lungs), atherosclerotic plaques, areas of inflammation and healing wounds (8) .
The cationic, meso-substituted porphyrin tetra(N-methyl-4-pyridyl)porphyrin chloride (TMPyP) has been described as a potent photosensitizer in vivo (9) and in vitro (10) . This porphyrin is a DNA intercalator in vitro (11) and can photoinduce genotoxic effects in tumor cells in culture (10) . Many watersoluble porphyrins form complexes with albumins, the main protein of blood plasma (12, 13) . Water-soluble porphyrins compete with hydrophobic species for binding sites in albumin, thus increasing the binding of water-soluble porphyrins to membranes and consequently the effectiveness of PDT (14, 15) . Moreover, the high affinity and phototoxicity of water-soluble sulfonated mesotetraphenylporphyrins (TPPS 4 ) themselves for tumor cells allow their consideration as promising compounds for use in PDT (16) . This paper presents the results of a study using two water-soluble porphyrins associated with visible light in two cell lines in order to examine their effect on cell survival. A cationic porphyrin (TMPyP) and an anionic porphyrin (TPPS 4 ) were used in their free base form on a normal cell line originating from mouse fibroblasts (A31) and a transformed cell line originating from A31 by transfection (B61). The choice of this class of porphyrins as models is justifiable for this study since one can compare the effect of the charges on the molecules on their cytotoxic effect on cells.
Material and Methods

Chemicals
Tetra(N-methyl-4-pyridyl)porphyrin chloride (TMPyP) and tetra(4-sulfonatophenyl)porphyrin-Na salt (TPPS 4 ) were purchased from Mid Century Chemicals (Posen, IL, USA). Stock solutions were prepared in water and diluted in Dulbeccos modified Eagles medium (DMEM) with 1% FBS just before use.
Cell lines
The normal cell line used was A31, originating from genetically pure BALBc/3T3 mice (17) and consisting of embryo fibroblasts. The transformed cell line B61, also originating from BALBc mice, was obtained from A31 by transfection of the human EJras oncogene; B61 cells are transformed and tumorigenic (18) . The cells were grown in 25-cm 2 flasks containing DMEM supplemented with 10% FBS, streptomycin and ampicillin. The cells were kept at 37 o C and 5% CO 2 and harvested with 0.2% trypsin + 0.02% EDTA. Cell viability was assessed by the Trypan blue method.
Cytotoxic assays
The cells were plated at a density of 10 2 cells/ml with DMEM + 10% FBS onto 35-mm polypropylene Petri dishes, grown at 37 o C and 5% CO 2 for 24 h, washed with PBS, and treated with cationic or anionic porphyrin at concentrations ranging from 0 to 30 µM for 1 h at 37 o C. After drug removal, the cells were washed three times with PBS and incubated for several days in ordinary supplemented medium until macroscopic colonies could be observed. The cells were then stained with Giemsa and the colonies counted directly on the plates or on a computer screen after scanning the plates.
Effect of the combination of porphyrin and light
The cells were plated in triplicate onto 35-mm polypropylene Petri dishes containing DMEM + 10% FBS at a density of 5 x 10 4 cells/ml. Cells were grown at 37 o C for about 48 h in order to reach a density of about 10 5 cells/ml. Cells were harvested and counted every day. Immediately before drug addition, three plates were counted. Then the monolayer was washed with PBS and treated with 9 µM porphyrin in DMEM + 1% FBS for 20 min. The cells were washed three times with DMEM + 1% FBS and ordinary supplemented medium was added. The cells were then exposed to visible light going through a 3-cm high layer of water in order to avoid cell heating. The medium temperature was monitored with a thermocouple. The distance between the cells and the 150-W lamp was 13 cm and the illumination time was 45 min. A blue filter was used to select the wavelength in the range of 500 to 650 nm. The cells were then incubated in triplicate and counted after 30 min, 2 h, 4 h and then every day until the time when they were trypsinized, stained with Trypan blue and counted in a hemocytometer. Viability was calculated and viability curves as a function of time were obtained.
Results
The cytotoxic assays performed with the B61 cell line allowed the determination of the IC 50 values for the porphyrins. The IC 50 for porphyrins in B61 cells were 2 ± 1 µM (N = 3) and 5 ± 1 µM (N = 2) for TMPyP and TPPS 4 , respectively, at pH 7.0 in PBS. The results suggest that the cationic porphyrin is more cytotoxic for this transformed cell line, since its IC 50 was about 2.5-fold lower than the one obtained for the anionic porphyrin.
In order to assess the effect of the combination of porphyrin and light, the growth curves were monitored in the presence of porphyrin with and without illumination. It should be mentioned that, as a control, in all experiments the cells were exposed to light under the same conditions and for the same period of time in the absence of a photosensitizer. No alteration was observed in any of the parameters of the growth curves for either cell line. This was seen as an indication that light by itself does not affect the cells in the absence of a photosensitizer. Figure 1 presents the growth curves, i.e., the number of cells as a function of time for B61 (A) and A31 (B) cells alone, in the presence of anionic porphyrin and anionic porphyrin associated with light. It was observed that all the parameters of the curve were changed. From the figure, we may assume that the B61 cells will take more time to become confluent after being treated with the drug, a fact that was still more pro- nounced in the presence of light. The values for the doubling time were affected after incubation with TPPS 4 alone (a 66% increase for B61 and a 54% increase for A31) and with light (89 and 87% increases for B61 and A31, respectively). Viability determined on the basis of the time the cells reached saturation density decreased from 100 to about 66% in the presence of TPPS 4 alone and to 52% in the presence of TPPS 4 plus light for B61. It can be seen that incubation with porphyrin killed about 34% of B61 cells and incubation with porphyrin plus light killed as much as 48% of the cells. We may suggest that the toxicity of irradiation not only affected the population of living cells but also that the damage continued during growth, preventing the recovery of normal metabolism. These results support the idea that photochemical treatment of the cells greatly increases the efficiency of porphyrin in the control of cell number in a tumor. For the normal A31 cells, cell viability remained high (around 95%) before and after the treatment and irradiation. Figure 2 presents cell viability as a function of time for both cell lines after treatment with the anionic porphyrin (TPPS 4 ) and light irradiation. From the figure one can see that in fact the cells can recover from treatment to a different extent, but it is quite clear that B61 cells are much more affected and cannot reach more than 50% of viability even after a long time, while A31 can recover quite well. Figure 3 shows the effects of the positively charged TMPyP on the growth of B61 cells. These curves suggest that these cells are not very much sensitive to the presence of this porphyrin both as a drug itself or as a photosensitizer, i.e., after irradiation. In the presence of this porphyrin, the log phase had not suffered alteration and the doubling time presented an increase of just 21% after incubation with porphyrin and about 36% with light exposure. The viability of B61 cells decreased by 23% after TMPyP treatment and by 32% when treatment was combined with light irradiation. Thus, the results show that cationic porphyrin is less cytotoxic than anionic porphyrin both in the dark and after light irradiation.
Discussion
Both porphyrins used in this study presented a slight toxicity for both cell lines in the dark, i.e., the ability to kill cells in the absence of light when used at therapeutic doses. A relatively low porphyrin concentration was used, 9 µM (which corresponds to 7 mg/ml for cationic porphyrin and 11 mg/ml for anionic porphyrin) and the exposure time to the porphyrins was only 20 min. It is desirable that the photosensitizer have a high toxicity just after illumination, a parameter that defines the therapeutic effectiveness of the compound. Both porphyrins also meet the conventional requirement for photosensitizers to have a homogeneous chemical composition and high solubility in water, facilitating intravenous administration to the patient. The viability curve as a function of time for both cell lines after treatment with the photosensitizer and light irradiation clearly showed that in fact transformed and normal cells can recover from treatment to a different extent. It is evident that B61 cells are much more affected by treatment with the anionic porphyrin and cannot reach more than 50% viability even after a long period of time, while A31 can recover completely.
We may conclude that in the experiments performed with the anionic porphyrin (TPPS 4 ) with no light irradiation the more affected cell line was B61 since the doubling time was more affected but cell viability was the parameter showing more sensitivity to the presence of this anionic porphyrin. In the experiments where light exposure was used after porphyrin incubation, B61 was also the more affected cell line.
In the experiments with the cationic porphyrin, the cell line B61 presented only a slight increase in doubling time (36%) compared to the results obtained for the anionic porphyrin (89%) after visible light irradiation. The viability determined by the time the cells reached saturation density was about 68%, higher than for TPPS 4 in this cell line (52%). Thus, these numbers suggest that the B61 cell line is more sensitive to the effects of the anionic porphyrin (TPPS 4 ).
On the basis of the results obtained, we may conclude that, for both cell lines studied, the anionic porphyrin is more efficient in killing the cells as a photosensitizer when incubated for 20 min and submitted to light irradiation for 45 min. The present results showed that, in fact, there is a considerable decrease in the cell population after porphyrin incubation followed by light irradiation, suggesting that this treatment can be employed as a method to kill tumor cells.
It is well known that PDT leads to apoptosis. However, this event was not investigated in the present study and it is important to say that the approach used here may have a limitation by underestimating the number of affected cells after treatment.
It is interesting to point out that B61 cells (transformed cells) were considerably more affected than A31 cells (normal cells), supporting the hypothesis that porphyrins accumulate rapidly and preferentially in tumor cells. This fact is extremely important for the application of PDT to the treatment of cancer, since the porphyrin is administered intravenously and is supposed to kill only the malignant cells after light irradiation. Thus, the therapeutic usefulness of PDT is based on the preferential accumulation of porphyrin in tumor tissue. To the best of our knowledge, no report in the literature showing this enormous difference in the effect of porphyrin comparing normal and transformed or tumor cell lines has been previously presented.
Our results also suggest that important membrane alterations should take place in the tumor cells causing the selectivity of cell accumulation of the photosensitizing dye that will generate the toxic species leading to cell death.
The results presented here concerning the higher effectiveness of the anionic porphyrin (TPPS 4 ) compared with the cationic one (TMPyP) have been confirmed in our laboratory using a human tumor cell line irradiated with laser light.
